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Abstract 

We extend the KKLT P] approach to moduh stabihzation by including 
the dilaton and the complex structure moduli into the effective supergravity 
theory. Decoupling of the dilaton is neither always possible nor necessary for 
the existence of stable minima with zero (or positive) cosmological constant. 
The pattern of supersymmetry breaking can be much richer than in the 
decoupling scenario of KKLT. 



1 Introduction 



One of the central questions in superstring theory is the stabihzation of mod- 
uh. In general, the moduli fields include the dilaton 5", the Kahler moduli Tj 
and the complex structure moduli Zj. Early attempts in the heterotic string 
theory tried to fix the dilaton S with a combination of gaugino condensation 
and nontrivial flux of the 3-form field strength H [2]. The stabilization of S 
turned out to be inherently connected to supersymmetry breakdown. More 
recently it was observed W\, that in the framework of Type II B theory one 
could fix complex structure moduli as well as the dilaton with a combination 
of 3-form fluxes of the field strengths and H-^ even in the absence of 
supersymmetry breakdown. These attempts were only partially successful, 
as the moduli directions Tj remained fiat. Without a stabilization of the 
remaining moduli, it is difficult to draw specific conclusions about properties 
of the theories such as soft supersymmetry breaking terms. 

In a more recent paper 1 (KKLT) a combination of 3-form flux (in the 
Type II B theory) and gaugino condensation was argued to lead to complete 
stabilization of all moduli. The analysis in KKLT is done in the framework 
of a low energy supergravity approximation. They assume that the dilaton 
and the complex structure moduli (GSM), if present, have been fixed by H3 
and -F3 fluxes and concentrate on an effective theory for the volume modulus 
T (representing the Kahler moduli Tj). This decoupling procedure is self- 
consistent if the masses for S and CSM are much larger than the mass of T. 
Non-perturbative corrections to the superpotential are then used to stabilize 
T. In this analysis the ground state of the theory had a large negative 
vacuum energy (AdS space) and preserved supersymmetry. To reach an 
acceptable potential KKLT proposed a so-called uplifting mechanism that 
breaks supersymmetry (in a local minimum) and allows a fine tuning of the 
cosmological constant to a desired value (e.g. de Sitter space). 

The purpose of the present paper is twofold. First, we include into the 
effective supergravity theory the dilaton and the CSM.^ We compare in a 
rather model independent way the results of such an extended analysis with 
the KKLT results obtained under the decoupling assumption. Secondly, we 
carefully analyze the pattern of supersymmetry breaking in our extended 
framework. We shall see that a meaningful statement about the soft super- 
symmetry breaking terms is only possible once all the moduli are stabilized. 

-'^A similar extension of the KKLT scenario has been considered in ref. [S]. 
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The soft terms show an unexpectedly rich structure already in the (decou- 
pled) KKLT limit and even more so in the general set-up. 

We adopt the same assumptions for the supergravity analysis as in KKLT. 
In particular, we assume that the expectation values of T and S are large. 
In the region of large 5* and T, there are simple formulae for the defining 
functions of supergravity: the Kahler potential K, the gauge kinetic func- 
tion / and the superpotential W. We concentrate on two specific schemes: 
{D3/7), the original KKLT scenario in type II B theory with matter on D3 
[Ij and/or D7 branes [B] and (H), a heterotic theory with flux stabilization 
on a non-Calabi-Yau manifold [7] and gaugino condensation jH]. 

Our results can be summarized as follows (all within the approximation 
stated above): 

• In the first step (flux compactification without gaugino condensation) 
there are stable minima but there remains an unstabilized modulus 
(the fiat direction T in the Type II B case or the runaway direction S 
in the heterotic case), 

• After inclusion of gaugino condensation the existence of local (super- 
symmetric) minima in the large S, T region is not guaranteed in all 
cases. It depends strongly on the model under consideration. In models 
without complex structure moduli, there do not exist stable supersym- 
metric AdS minima in the large S, T region. We find, with a quite gen- 
eral uplifting potential that for D3/7 a stable minimum does not exist 
also after uplifting. Thus, in D3/7 models without GSM the KKLT 
procedure of decoupling S is inconsistent. For the heterotic model, a 
stable minimum does exist after uplifting. 

• In models with GSM, we derive the conditions on the (effective) su- 
perpotential that allow for the existence of the supersymmetric AdS 
vacuum, with all moduli stabilized. These conditions are restrictive 
but more general than the decoupling limit of KKLT. Therefore, the 
KKLT mechanism of stabilization works for a more general class of 
models than those in which both GSM and S can be decoupled. The 
same conditions are sufficient for the existence of a stable local mini- 
mum after uplifting. 

• For the effective superpotential satisfying the conditions allowing for a 
stable minima, we discuss the supersymmetry breaking parameters Fs 
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and Fx- We find that several other options than the KKLT limit Fs <^ 
Ft -C ^3/2 are possible, with potentially interesting consequences for 
phenomenology. 

We stress here again that these results are obtained within the super- 
gravity approximation and the assumptions concerning K, f and W as given 
explicitly in section 2, where we set up our notation and review the mech- 
anism of KKLT. Section 3 is devoted to an analysis of the simplest case, 
with just the dilaton S, one Kahler modulus T and no complex structure 
moduli Zi. In section 4 we include complex structure moduli in a rather 
model independent way. Section 5 contains an analysis of supersymmetry 
breaking soft terms in the uplifted minima and the consequences for realistic 
model building. Conclusions and outlook follow in section 6. In the present 
paper we shall try to avoid the presentation of detailed technicalities of the 
calculations. These will be relegated to a future publication where also more 
examples are presented. 

2 Supergravity description of flux compacti- 
flcations 

2.1 Notation and conventions 

We concentrate on the case with the dilaton S, a Kahler modulus T and 
complex structure moduli Zi. Matter superfields are denoted by Q. We 
assume to be in a region of large S and T. Let us start with the D3/7- 
system j^ElE]- The Kahler potential is assumed to be 

K = - log(5 + S- \Qr\') - 3 log(T + T - \Q,\^) + K{Z„Z,) (1) 

where Qs, Qy denote matter multiplets on the D3, D7 branes, respectively. 
The gauge kinetic functions are 

fs = S or fr = T (2) 

for gauge bosons on the D3 or D7 branes. The superpotential is given by 

W = W{S, Zi) + Cexp(-aT) + WiQs, Q7), (3) 

where C and a are constants. The term Cexp(— aT) represents nonpertur- 
bative effects as explained in KKLT. When analyzing the potential we look 
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for minima where Q7 and scalars (and therefore W{Qi) as well) do not 
receive nontrivial vacuum expectation values. These minima coincide in the 
two cases D3 and D7, while the consequences for the soft supersymmetry 
breaking terms might differ. 

In the heterotic case [H) we have 

Kh = -log{S + S)-3log{T + T-\QH\') + K{Z„Z,) 

h = S (4) 

W = W{T,Z,) + Cexp{-aS)+W{QH), 

where C exp{—aS) comes from gaugino condensation in the hidden sector 
and W{T, Zi) comes from nontrivial fluxes on specific non-Calabi-Yau man- 
ifolds [7 . As an example we consider here the compactification on half-flat 
manifolds as given in ref. [T^ . 

2.2 The proposal of KKLT 

The authors of ref. jlj consider the D3/7 case and assume that the dilaton 
and complex structure moduli are heavy compared to T, such that they can 
be integrated out leaving a constant contribution Wo to the effective low- 
energy superpotential Wes = Wq + C exp{—aT). This leads to a potential 
with a supersymmetric AdS minimum in which the (last) modulus T is fixed 
as well. To this end, they add an uplifting potential AV(T, T) that breaks 
supersymmetry and allows a local minimum at a (fine tuned) small positive 
vacuum energy. The same proposal can be realized in the heterotic case 
where T, Zi are integrated out and S is fixed by gaugino condensation. 

One might now be interested in the analysis of the mechanism of super- 
symmetry breakdown and the properties of the soft terms. The sources of 
supersymmetry breakdown are vacuum expectation values (vevs) of the aux- 
iliary components of the moduli superfields: F5, Ft and F^., and also the 
auxiliary component of the 4D supergravity multiplet. In the KKLT scheme, 
however, all but one of the moduli have been integrated out. Therefore mean- 
ingful statements can only be made for Ft in the D3/7 case (or Fs in the 
heterotic case). The information on the remaining moduli is hidden in Wq. 
For a full analysis of the nature of supersymmetry breakdown we would have 
to go a step back to a more fundamental level and "integrate in" the other 
moduli. Only then can we make meaningful statements about the relation of 
the values of the various auxiliary fields and check if the assumption about 
integrating out 5* was consistent. 
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3 The two modulus case: S and T 



The simplest setup is offered by models without complex structure mod- 
uh (CSM) Zi. Alternatively one might consider models where the complex 
structure moduli have been integrated out. Later, however, we shall see that 
this mechanism of integrating out moduli might be problematic and therefore 
we here explicitly assume the absence of CSM. We shall treat the two cases 
separately. 



3.1 Type IIB case: D3/7 

We consider the D3/7 system with two moduli T = t + ir and S = s + ia 
with the Kahler potential and superpotential given by: 

K^-3 log(T + T) - \og{S + S) , 

W^A + BS + Ce-"^ (5) 

where A, B, C and a are constants. The exponent a is real and positive. 
For simphcity we choose parameters A, B and C to be real (the results in 
the general case are unchanged). We choose B and C in such a way that 
B ■ C < 0. Then we may restrict our analysis to the stationary point with 
vanishing axion vevs t = a = (for positive B ■ C we can just shift r by 
n/a). 

The supersymmetric stationary point of the potential can be found by 

solving the equations Fs ~ Ft — 0, where Fx = — e^/^(i^")~^^DyVF, 
DyW = {^W + It occurs for the values of s and t satisfying the 

constraints: 

Ce""* _ 3 Bs _ at 

A ~~at + 3' ~A ~ at + 3' 
These constraints can be solved for s and t with the help of the Lambert W 
function but the above form is more useful for our analysis. In the following 
we will assume that the parameters of the superpotential arc such that the 
supersymmetric stationary point at large positive values of at and s (of order 
10 or larger) does exist. 

In order to determine the nature of the stationary points we have to 
consider the second derivatives of the potential Vq at those points. The 
explicit calculation shows, that all mixed real-imaginary derivatives vanish 
= = = = and the second derivative matrix splits into 

atOT ataa osot asoa ^ 
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two 2x2 matrices, V^'^^ and V^'^. After inserting the relations (jHI) we find 
that all diagonal entries in these matrices are positive. Nevertheless both 
the moduli and the axionic mass matrix has one positive and one negative 
eigenvalue. The instability can be easily seen by calculating the determinant 
of these matrices 

which are negative for all at > 0. We conclude that the supersymmetric point 
is a saddle point with instabilities along the moduli and axionic directions. 
One can also check that other, non-supersymmetric extrema of Vq are also 
saddle points. Furthermore, there exist directions in the (t, r, a) field space 
for which lims^o+ Vq = — oo and the potential is unbounded from below. 
This limit is, of course, outside the validity of the perturbative supergravity 
approximation. Still we can conclude that within the region of large S and 
large T there are no local minima. All the stationary points are saddle points. 

This shows that in this case the mechanism of KKLT faces problems. 
The difference can be explained in the following way. KKLT first considered 
the case with C = and a fixed dilaton. Then they integrated out the 
dilaton before they included the gaugino condensate (assuming implicitly 
that msjiricr ^ mt^nir). The mass of the dilaton, however, still depends 
on the T-modulus and therefore this procedure is not necessarily justified. 
Our analysis keeps 5* as well as T after including the gaugino condensate 
and shows that the assumption of KKLT is not justified at this level, as the 
masses of S and T are comparable. 

In principle, of course, one might say that even in the absence of (super- 
symmetric) AdS minima one might arrive at a stable situation after uplifting. 
We study a quite general lifting potential of the form: 

^ {T + TY^{S + SY^ 

and consider the potential V = Vq + /^V . We assume that the exponents rit 
and Ug are positive or zero integers. We look for solutions of the equations 
1^ = 1^ = with the parameter D fine-tuned such that \^ = (or a small 
positive value). Such analysis shows that the situation in the D3/7 cases 
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remains unstable. We do not find any stable uplifted vacua in the limit of 
large at. Both moduli and axionic instabilities persist, independently of the 
exponents in the lifting potential. In some cases there exist stable vacua at 
the small value of the moduli, at ~ 1, but in this region the perturbative 
approximation of the potential might not be reliable. 

3.2 Heterotic case: H 

We perform the similar analysis in the heterotic case. Here we take 

= -3 log(T + T) - log(^ + S) , 

W = A + BT + Ce-"^ . (9) 

The supersymmetric stationary points exist if the parameters satisfy the 
constraints: C-A>0, i?-A<0 and \C\ ^ They occur for the values 
of s and t satisfying the conditions: 

Ce-""' _ 1 Bt _ _ 2,as 

A ~ as-l' A~ as-l' 

Again the second derivative matrix at the stationary point splits into two 
2x2 blocks with all diagonal entries positive. This time the moduli matrix 

has two positive eigenvalues for as > 2. But the instability is present in 
the axionic sector - the determinant of is negative for as > 0. We conclude 
that the supersymmetric point is a saddle point with an instability along the 
axionic direction. One can also check that other, non-supersymmetric ex- 
trema of Vq are also saddle points. Therefore for the heterotic system as well 
we do not obtain local minima in the region of validity of our approximation. 
The behavior of the limiting values of the potential is similar to that in the 
D3/7 case. There are directions in the moduli space for which the potential 
is unbounded from below for s — 0'*'. 

Note, however, that the situation is somewhat different than for the D3/7 
systems which have both moduli and axionic instabilities at the supersym- 
metric point. Moreover, the character of the axionic mass matrix can be 
changed by a small perturbation of the vacuum solution in eq. (fTUI) . Whether 
the stationary point is a minimum or a saddle point depends on the deter- 
minant of this matrix, which vanishes in the leading order in l/{as). The 
unstable character of the supersymmetric stationary point is determined only 
by the subleading terms. 
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As we have seen, the supersymmetric stationary points in the heterotic 
case are only marginally unstable. Thus small corrections to the Kahler 
potential might lead to stable minima, while this is not possible in the D3/7 
case. In fact it can be shown that any correction to K making [OtKY / d^K > 
3 can lead to a stable supersymmetric AdS minimum. In this regard, an 



interesting possibi 
yielding i^' = — In 



ity is to have the higher order sigma model correction 
{T + Ty^ + E where E is a. positive constant depending 
on the topological data of the underlying compact manifold We have 
analyzed this well as other modifications of the Kahler potential which 

will be presented in a future publication. 

The lifting potential can also provide for a small correction to the vacuum 
solution and, under certain conditions, the stationary points could become 
stable minima. We add the lifting potential of eq. (jH)) and look for vacuum 
solutions in the large as limit and with vanishing cosmo logical constant. For 
Ut I the solution for which C exp{—at)/A behaves as l/(as) (similarly as 
the supersymmetric solution) reads: 

Ce-" _ (n, - 4) 1 / 1 \ Bt^ -|i!^+0 (1) . (11) 



A 4{nt-l)as \(as)2y ' A 2(nj - 1) \as 

Only for nt = the above solution coincides with the supersymmetric so- 
lution ()10|) in the large as limit. For nj > 1 the lifted solution is shifted 
with respect to the supersymmetric solution already at the leading order in 
l/{as). The moduli directions stay stable for nt < 1. For nt > 1 the moduli 
potential develops a saddle point instability (the case = 1 is more compli- 
cated and will be analyzed fully elsewhere). Calculating the determinant of 
the axionic mass matrix we find that for nt = the axionic direction is also 
stable as long as ris > 1. 



4 Inclusion of the complex structure moduli 
4.1 Type IIB case: D3/7 

We now include CSM Zi in the analysis. That is we study the system de- 
scribed by 

K = -3 log(T + T) - \og{S + S) + K{Z,, Z,) , 
W = VTfl,, + Ce-''^ = A{Zi) + B{Zi)S + Ce""^^ . (12) 
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In this case Wij = ^g^g^'^ and Wis = ^qz^qs supersymmetric vacuum are 



non- vanishing in general [m]. If Wij > Wis, Zi can be integrated out first, 
leaving an effective superpotential for S. In the following, we consider such 
situation that Zi are heavy enough to be integrated out, while ms has an 
arbitrary value between m^. and 171^/2. 

The resulting effective superpotential M/gff['S'] depends on the precise form 
of A{Zi) and B{Zi). We parametrize our ignorance by assuming that inte- 
grating out Zi leaves some general function of 5" in the effective superpo- 
tential. Of course one might have assumed that the case discussed in the 
previous section, with PVg^ = A + BS, has been obtained after integrating 
out GSM. We have already learned that the conclusions of KKLT do not 
hold in this specific case. We will study the equations of motion for general 
VFggfS*] and determine the conditions that W^f^ must satisfy in order to arrive 
at a stable vacuum. In the next section we also study the dependence of soft 
breaking terms on W^q. Thus, we consider the supergravity setup defined 
by: 



K = -3 log(T + T) - log(^ + S) 



W = W^f,[S]+Ce 



-aT 



(13) 



Again, for simplicity we assume that C and W^efri^] are real. The supersym- 
metric stationary points occur for s and t satisfying the constraints: 



Ce 



-at 



at 



3 + 2at' W^Q 3 + 2at' ^ ' 

To determine the character of the stationary point we must study the second 
derivatives. The relevant parameter here is 7 defined as: 



7 = 



(15) 



with s satisfying the constraints (fT^ . The second derivative matrices after 
inserting the relation ()14|) read: 

' 3s2(4a2t2 + lOat + 7) 3st(2at + 3-27) " 
3st(2at + 3 - 27) ^2(^1-27 + 472) 



V" 



SM^st^ 



(16) 



for the moduli (t, s) and 

. /2 



V" 



SM^st^ 



3s2(4a2t2 + 6at + 3) 3st(2at + 1 - 27) 
3st(2at + 1 - 27) t2(^^27 + 472) 



(17) 



10 



for the axions (t, a). All diagonal entries are manifestly positive. Whether 
a stationary point is a minimum or a saddle point depends on the signs of 
the determinants. The general conditions for positivity of the determinants 
are rather complicated. The case 7 = was studied in the previous section 
and we found instabilities in both axionic and moduli direction. Therefore 
the KKLT setup with a simple linear superpotential PF^^fS'] = A + BS is in- 
consistent. Stability can be achieved only when the second derivative of the 
S'-dependent effective superpotential at the minimum s'^W^ff is at least com- 
parable to W^ff and sW^q , that is for 7 of order one or bigger. In particular, 
in the large (a t) limit the stability condition is very simple: 



For 7^1 and 7 ^ at the S modulus becomes much heavier than T and 
is decoupled. This is the KKLT limit. For 7 — > 00 we should recover all 
the results of KKLT. The actual magnitude of 7 depends on the flux com- 
pactification model under consideration. Note that, by vacuum equations 
(HD), large at of order 10 implies C ^ sW^q', thus W^q' must be suppressed 
with respect to the string scale, such that sW^^^'/C < 10^^. This can be 
achieved if the flux parameters are appropriately fine-tuned or if there exist 
some hierarchy of parameters in W^g. In the former case one would expect 
7 3> 1 (unless another fine-tuning makes W^f^" suppressed as well), in the 
latter case 7 ~ 1 can be natural. 

In order to arrive at a vacuum with a vanishing (or small positive) cos- 
mo logical constant we include the lifting potential eq. (jHI). The analysis is 
quite complicated and we shall restrict ourselves to consider only the large 
[at) limit (which includes the KKLT limit when j ^ at). In the former case, 
after eliminating D and t we find the vev of s is given by the solution of the 
equation 



{n,-l)Wg'+2sin,+l)WgWg'-2n,s'Wg''+2s'WgWg''-^^^ = 



This can be easily solved for W^f^ to give the vacuum solution in a form 
similar to eq. (jl4p . The most compact form is obtained for Ug = 1 and in the 
following we restrict to this case (for 7^ 1 there is no qualitative difference). 
In this special case we get: 



7I > 1 



(18) 



(19) 




(20) 
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The stability condition is somewhat more comphcated (it depends also on 
Wgg'") but generically it requires 7 > 1 as in the AdS4 vacuum. We see 
that, in general, even in the large (at) limit the lifted vacuum is shifted with 
respect to the position of the supersymmetric AdS4 vacuum, see eq. (fT^ . 
Only for 7^1 the position of the lifted vacuum coincides with that of the 
supersymmetric vacuum (in fact eqs. (j2Uj) hold for arbitrary Ug then). The 
lifted vacuum is always stable in this limit. 



4.2 Heterotic case: H 

One can do the analogous analysis for the heterotic case defined by 

K = -3 log(r + T) - \og{S + S) , 
W = W^e[T] + Ce-"^ 



f211 



where VFgg[T] represents the T-dependent part of the superpotential after in- 
tegrating out the GSM. The supersymmetry preserving configurations satisfy 
the following conditions for the moduli t and s: 



Ce 



1 + 2as 



3as 



1 + 2as 



(22) 



The character of those stationary points depends on the second derivative 
matrices which are given by 



V" 



V" 



rp l2 

eff 



72M^sH^ 



3s2(4r/2- 10r/ + 7) 3st(2as + 3 - 2r/) 

3st{2as + 3 - 2r/) t'^^Aa'^s^ + 2as + 1) 

" 3s2(V-6r/ + 3) 3st{2as + 1 - 2r]) 

3st{2as + 1 - 2ri) t'^ (Aa'^ - 2as + 1) 



where t and s satisfy conditions (f^^ and the parameter t] is defined by 



V 



(23) 
(24) 

(25) 



After calculating determinants of the above matrices we find that in the 
leading order in 1/ [as) the supersymmetric stationary points ()22|) are stable 
minima for 

I^-1|>1- (26) 
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One can see that in the absence of GSM the heterotic model with 77 = is 
just at the border of the (in)stabihty region. 

The supersymmetric stationary points (stable or not) satisfying eq. (j^^ 
have negative vacuum energy. We can lift them to zero or small positive 
value by adding the lifting potential of the form (jH)). The conditions for 
the minima with vanishing energy are in general quite complicated. In the 
leading order in 1/ [as) the values of the moduli s and t at such minima (for 
nt 7^ 3) satisfy: 



as 



These conditions coincide in leading order with the conditions before lifting 
given by eq. (j^^ only for nt = or in the large rj limit. 



5 Soft supersymmetry breaking terms 

In this section, we discuss the soft SUSY breaking terms in various setups 
we have considered so far. We will concentrate on soft terms induced by the 
auxiliary components of S, T and the 4D supergravity multiplet under the 
assumption that GSM are heavy enough to be ignored. We also ignore the 
soft terms that might possibly be induced by the direct couplings between 
the visible sector and the uplifting sector. 

Before presenting the results for the vevs of the auxilary components in 
KKLT compactifactions let us summarize the important facts about super- 
symmetry breaking mediation in supergravity [W\ IT7j . The auxiliary 
component of 4D supergravity multiplet can be parameterized by a chiral 
compensator = 1 + O'^F^ whose F-component is given by 

h = ^3/2 + ^FaOaK = m3/2 - ^Fs - Ft , (28) 

where Fa = Fa/{A + A). The auxiliary component F^ can induce soft terms 
(other than B) only at loop-level by the mechanism of anomaly mediation 
|16j . As we will see, in some interesting limits of flux compactifications, F^ is 
bigger than Fs,t by one or two orders of magnitudes, e.g. F^j, = O {8tt'^Fs,t)- 
In this case, the loop-induced soft terms associated with F^ can be equally 
important as the dilaton and/or modulus-mediated soft terms at tree-level. 
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To accomodate the loop-induced soft terms, let us consider the superspace 
lagrangian of the visible fields which includes quantum corrections at the 
compactification scale M^. 



C 



visible 



1 



Y.Q^Q, + — GaW'^'^—W^ + h.c 
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Q2 



+ 



j (f9 i XijkQiQjQk + h.c 



(29) 



where the holomorphic Yukawa couplings Xijk are assumed to be moduli- 
independent constants. At tree level, Ga corresponds to the holomorphic 
gauge kinetic function fa- In 4D supergravity, the superspace lagrangian of 
a Kahler potential K is given by / d^9[—3e~^^^], thus 

Y, = {S + Sy/'\T + f)Z,, 

for K = -ln(5 + S) - 31n(T + f ) + ZiQiQi. From (H)), © and ©, one 
easily finds the tree-level expressions of Ga and Yi for the D3,D7 and heterotic 
matter /gauge fields: 



Y 



(0) 



Y, 



Gf 
(0) _ 

H — 



G 



(0) 
H 



s, 



gP 



T, 



(5 + 5)-2/3(T + T), 



(30) 



where the superscript (0) means the tree-level result. 

The physical gauge and Yukawa couplings renormalized at M^. are given 

by 



^ = Re(Ga) 



Vijk 



X 



ijk 



(31) 



Let us define the canonically normalized gaugino masses, A-parameters and 
scalar masses as 



1 1 2 ~ 2 1 ^ ^ - 

-MaX°-Xa - -rui Qi - -AijkVijkQiQjQk + h.c. 

/ZD 

Generically these soft masses are given by 



(32) 



A 



ijk 



c'Js + c^FT + ctF^, 
(^i-ik^s + aJjk^T + (4jkP(t> 

2 



''ijk-' 

ss 



+ 



+ hj^ Ft + [h'^^FsFr + h.c 
+ {hf FsP^ + hJ^FrP^ + h.c 
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(33) 



In our case including the limit with = O^Sti'^Fs^t), the dominant parts 
of soft masses at can be determined by the tree- level values of c^, afjf. 
and hf^ {A, B = S,T), the one-loop values of cf , afj^. and h"^'^, and also the 

two- loop values of hf'^. Inserting (jHUj) into the superspace lagrangian (pUj) . we 
find the following tree-level results for the D3,D7 and heterotic matter/gauge 
fields [ig: 

4k = ^t + 4 + ^t hf^ = ^f, hf = Q{A^B), (34) 



S 5""^ T T r\ S ^ jTi 

^3 ~ '^H ~ 3' '^S ~ '^H = U, H-j = — — , = 1. 



where 



The one-loop values of cf and af^/^ and the two-loop values of hf correspond 
to the well-known anomaly-mediated soft terms fH]: corresponds to the 
one-loop beta function coefficient = cfg^, while a^-^ = — |(7i + 7j + 7j) 

and hf'^ = where ■ji = is the anomalous dimension of Qi. These 

anomaly-mediated soft masses can be most easily computed by including the 
0-dependent one-loop corrections of Ga and Yi in the superspace lagrangian 

(Ei nnnni: 



Re(G„) = Re(/J--— 3r,(Adj)- 5: T,(Q,) In PI +..., (35) 




where denotes the quadratic Casimir and the ellipses stand for the 0- 
independent (but generically moduli-dependent) loop corrections which are 
not relevant for us. These 0-dependent parts of Ga and Yi determine h^"^ 
also as 

Am^ = h^^FsF^ + h''^FTF^ + h.c 

E h^k^'A^ -^T.9lTM)Mn h + h.c, (36) 



327r2 



jk 



where M^°) = cf F5 + c^Ft and ^5°^ = af^f^Fs + aJ^^Fr are the tree-level 
gaugino masses and A-parameters. 
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Let us now discuss the relative ratios between Fs, Ft and F^f) that we 
found in KKLT compactifications. For the D3/7 system in the hmit at ^ 1 
with = 1, we find 



Fx 




1 6 - + 7(3 + 2nf ) + 
at (1 + 27)2 



(37) 



m3/2 . 



From ()2Up . one easily finds at ~ ln{Mp / 171^/2) ■ If "^3/2 is of the order of the 
TeV scale then at can be as large as 35. In such case, 1/at is comparable to 
the one-loop suppression factor, at = (^(Svr^). The above results show that 
Fs = C'(m3/2) and Ft = ^'('^3/2/0^) for 7 ~ 1. In this case, all soft terms 
on D3 brane and also the scalar masses on D7 brane are dominated by the 
contributions from Fs, while the gaugino masses and A-parameters on D7 
branes receive equally important contributions from Ft and F^. 

On the other hand, in the KKLT limit of the D3/7 system in which rris ^ 
rriT and thus I7I ^ at, one always finds (for arbitrary n^) Ft = 0(7723/2/0^) 
and \Fs\ <^ I-^tI- Thus in the KKLT limit with weak scale supersymmetry in 
which at ~ ln(Mp/m3/2) = 0{87c'^), soft terms on D3 brane are dominated by 
anomaly-mediation, while those on D7 brane are dominated by the equally 
important contributions from Ft and F^. 

In the heterotic case without GSM, we were also able to find a stable 
vacuum solution after including the lifting potential. Here the pattern of 
soft breaking terms is different. For rit = and as ^ 1, we find 



Again (fTTj) indicates as ~ ln(Mp/?773/2). Although Fs ~ Ft, the soft masses 
from Ft appear only at higher orders in either string loop expansion or a'- 
expansion due to the no-scale nature. Thus, in this heterotic setup with weak 




Ft^ "^3/2 • 

as 8 



(38) 
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scale supersymmetry, soft masses are dominated by the equally important 
contributions from Fs and F^. 

For the heterotic case with CSM and the lifting potential with = 1, 
supersymmetry breaking parameters for as ~ ln(Mp/m3/2) ^ 1 are given by 

as A — Tit — 27] 
Ft--. ^^^3/2. (39) 

For ~ 1 and 7^ 0, we have Ft = 0(7/13/2), while Fs = 0(7713/2/ as). 
In this case, all of Fs, Ft and F^ give similar contributions to soft masses. 
On the other hand, in the KKLT limit of heterotic set up in which 3> 
7ns and thus \7]\ ^ 1, soft terms are dominated by the equally important 
contributions from Fs and F^. This feature is very similar to the D3/7 case 
if we interchange s with t and 7 with 7]. 



6 Conclusions and outlook 

We have extended the KKLT approach to moduli stabilization by explicitly 
including the dilaton (or T in the heterotic model) and the complex structure 
moduli into the effective supergravity theory. The conditions on the effec- 
tive superpotential for the dilaton (or T) field have then been derived that 
allow for the existence of supersymmetric AdS vacua and a stable minimum 
after supersymmetry breaking and uplifting of the scalar potential. These 
conditions provide restrictions on the CSM and the flux configurations once 
explicit string models are constructed. However, they admit a much more 
general class of models than those in which the dilaton S (Kahler modulus 
T in the heterotic case) can be decoupled. In consequence, the pattern of su- 
persymmetry breaking as given in equations (37-39) can be much richer than 
F5 -C Ft -C 717,3/2 (as in the KKLT limit where anomaly mediation plays an 
important role) and there are regions of parameter space in which tree-level 
mediation becomes dominant. Therefore a generalization of the scheme be- 
yond the KKLT limit seems to be required before definite conclusions can be 
drawn. A more complete discussion of this situation together with the full 
technical details will be the subject of a future publication |18j . 
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Note added 

While completing this work we became aware of a paper by Kallosh and 
Linde where the simplest KKLT version has been modified. Also this 
version is formulated in the KKLT limit (I7I ^ at) and should be general- 
ized along the lines discussed above before the full picture of the pattern of 
supersymmetry breakdown can be analyzed. 
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